Wherever solvents are allowed to disperse into the workspace it is necessary to be able to predict and determine their concentration and the effect of air velocity variations. Models developed to predict dispersion for assessing ventilation efficiency and worker exposure are validated against measured data with varying success. In numerical convection -dispersion models, including computational fluid dynamics (CFD) methods, the transport coefficient effective diffusivity is used as a turbulence closure parameter and air velocities are used to define convective mass transport. This study shows how transport coefficient values, empirically estimated from airborne volatile organic carbon (VOC) vapour concentrations from a solvent source, vary in a ventilated workspace. Variability in effective diffusivity values demonstrates non-Fickian dispersion from the source along the length of a one dimensional axis. An important finding was that a correlation between air velocity and vapour transport data was not found. This suggests that air velocity should not be used apriori to represent mass transport in the determination of vapour dispersion in the workplace.
Introduction
Solvent degreasing remains a widesprad operation in the metal finishing industries and although many of the traditional open topped tanks that used organic solvents have now been replaced by enclosed plant, some traditional plant and organic solvents are still in use 1 . Even in the case of closed systems, exposure risk needs to be assessed during periods of equipment maintenance. As a result of the Montreal Protocol in 1987 2 , much effort was made (e.g.
Averill et al. [3] [4] [5] ) to find effective cleaning agents that were acceptable alternatives to solvents such as 1,1,1 trichloroethane (TCA),1,1,2-, trichlorotrifluoroethane (CFC-113), and methyl chloroform. Whilst trichloroethylene, another widely used solvent, satisfies the environmental requirements, having zero ozone depletion and global warming potential, it is seriously injurious to health and is assigned, under Schedule 2A of COSHH † , the risk phrase R45. Under the current system (REACH ‡1, 6, 7 ) that regulates the use of organic solvents in the EU, trichloroethylene will require authorisation after April 2016 for its continued use. From that date it is unlikely to be used in any un-enclosed degreasing system.
Although the move towards closed ventilation systems has reduced consumption of volatile organic carbon (VOC) solvents, ventilation to negate operator exposure to VOC's during cleaning, maintenance or from open processes is essential. Whatever solvent or solvent system is used, it will be necessary to determine its concentration in the workspace and to understand the controlling factors. In addition, ventilation efficiency and occupational exposure need to be risk assessed and monitored.
Averill et al 8, 9 carried out a study to investigate the evaporation and dispersion of replacement solvents, HFE and HFC based azeotropes and n-propyl bromide (nPBr) during wipe cleaning of metal components. The volatility of the solvent system clearly has a great bearing on the occupational health hazard to operatives as well as on the cost of the cleaning process. It was shown that the azeotropic solvents evaporated at rates comparable to or less than CFC-113 whilst nPBr evaporates at a rate similar to TCA. In the second part of the study 9 a Monte Carlo uncertainty analysis using a diffusion based exposure assessment model was employed to aid forecasting of solvent vapour concentrations in the workspace during wipe cleaning of metal components. After selecting a reasonable range for each variable inputted to the spherical diffusion equation, randomly selected values were introduced into the equation enabling the distribution of solvent vapour concentration to be obtained. Since diffusion in the workspace is mostly brought about by the turbulent motion of the air rather than by molecular diffusion, this is taken into account by defining an eddy diffusivity term which combines the influence of both processes. With the spherical diffusion model, solvent vapour is emitted from a continuous point source so that initially an envelope of vapour will form around the source which expands outwards with time. This movement will at first be rapid, slowing later until the expansion ceases. At this point, the total rate of loss of solvent vapour through its surface becomes equal to the rate of generation of the vapour at the source.
It was recognized that a major practical difficulty is to establish an appropriate value for the eddy or effective diffusivity that will provide realistic prediction of the movement of the . Many workers such as Kassomenos et al. 12 and Zhang et al. 13 used k -ε CFD models to predict dispersion in . Models of uniform, isotropic diffusion from a point source created for indoor air such as those by Wadden et al. 19 and Kreil et al. 20 , were developed from Fick's laws 21 . Using Fick's diffusion equation in the one dimensional convection -diffusion 'general transport equation', the diffusion coefficient is redefined as 'effective diffusivity'. Following Nakamuru 16 and Shuckborugh and Haynes 22 , effective diffusivity is therefore considered as the coefficient of proportionality attributed to a net dispersion driven by molecular diffusion, mixing by small scale turbulence and convection.
Correlations between empirical effective diffusivity, mass transfer coefficient values, vapour concentration and air velocity data are required to be assessed.
Airborne vapour concentrations measured as described below were used in Fick's diffusion equation, equation (1), to estimate the effective diffusivity values. were estimated under the experimental conditions described below.
Experimental procedure
In separate experiments, pure n-butyl ethanoate (NBE) and methylbenzene (MB) liquid (Fisher Scientific, Leics., UK) were placed in a small tray at the centre of the floor of the windowless rectangular room of 40m 3 shown schematically in Figure 1 . These solvents, commonly used in the surface finishing industry, were selected for their differences in The NBE and MB vapour concentrations measured over time and space were used in equations (1) and (2) Table 2 . The majority of the estimated effective diffusivities values were at the middle of the given ranges whereas the mass transfer coefficient values tended toward the higher end of the range, particularly on the x axis close to the fan outlet. The maximum error (uncertainty) in vapour concentration measurement was ±13%. As concentration measurement is likely to be the greatest source of error it follows that the uncertainty in the empirically estimated effective diffusivity and mass transfer coefficient values would also be of the order of ±13%. Effective diffusivities, mass
transfer coefficient values and air velocities are illustrated at equivalent Eularian grid nodes on the vertical z axis and horizontal x axis in Figure 2 (a -h). The x axis is considered the direction of airflow from the fan outlet to the vent. On the y axis, the horizontal axis perpendicular to the main airflow direction, the airborne vapour concentration was measured at only three grid nodes allowing for estimation of a single effective diffusivity for that axis.
Effective diffusivities and mass transfer coefficient values for the y axis are given in Table 3 .
The illustrations in Figure 2 
